The efficacy of inspiratory muscle training (IMT) has been the subject of considerable controversy in terms of whether it is beneficial to endurance athletes and because a convincing physiological rationale has not been identified to explain its mechanism of action. Early studies suggested that IMT was an ineffectual intervention for gains in either maximal aerobic power or endurance-specific performance. More rigorous recent research supports the observation that maximal aerobic power is not receptive to IMT; however, closer evaluation of both early and contemporary research indicates that responses to endurance-specific performance tests are sensitive to IMT. As the aim of endurance training is to improve endurance performance rather than maximal aerobic power, it is plausible that IMT may be useful in specific performance-related circumstances. Performance adaptations following IMT appear to be connected with posttraining reports of attenuated effort sensations, but this common observation has tended to be overlooked by researchers in preference for a reductionist explanation. This commentary examines the pertinent research and practical performance implications of IMT from the holistic perspective of complex central metabolic control.
Studies examining the efficacy of inspiratory muscle training (IMT) as a technique to improve endurance performance have so far obtained conflicting results. [1] [2] [3] [4] [5] [6] [7] [8] For example, it is well known that IMT modifies the structure and function of the respiratory muscles 9 but this common adaptation has not been associated with changes to maximal stroke volume, cardiac output, or maximal aerobic power (Vo 2max ) . 10 Nevertheless, emerging evidence from randomized controlled trials suggests that IMT may be a useful training stratagem for endurance performance under specific circumstances. 1, 5, [11] [12] Early investigations suggested responses to both Vo 2max and endurance performance tests were similarly unaffected by either general training of respiratory muscles 2, 6 or specifically focused training of the inspiratory muscles. 3, 8 However, those experiments have subsequently received criticism 1, 9 for methodological inadequacies and particularly low statistical power. For example, the study conducted of Fairbarn and coworkers 2 measured intervention responses from only four participants and the 25% improvement demonstrated in endurance performance was reported as nonsignificant (Table 1) . Morgan and coworkers 6 also reported similar responses from only four subjects, whereas Williams and coworkers 8 conducted a 4-week IMT intervention study (five males and two females) but did not include a comparative placebo group (Table 1) .
A small number of recent randomized controlled trials have reported pre-to post-IMT measures of both Vo 2max and performance-specific endurance performance tests. 1, 11 Those studies support previous observations in that IMT is not influential over Vo 2max ; however, they provide important new evidence that endurance-specific performances are sensitive to this intervention (Table 1 ). Further performance-focused studies support this observation, 5, 7, 12, 13 and, in particular, one study 13 recently demonstrated a 36% improvement in time to exhaustion following 10 weeks of IMT training compared with a performance decrement of 3% in a placebo condition. Other recent randomized controlled trials have identified significant endurance performance improvements post-IMT when compared with placebo conditions (Table 1 ). The magnitude of performance improvement (range: 2.7 to 36%; Table 1 ) following IMT has tended to be logically related to the training condition of the participants, but the available evidence suggests that endurance performance is responsive to this form of training, although the underlying physiological mechanisms remain unclear, as do the specific circumstances where IMT may be useful.
IMT: Proposed Mechanisms Of Action
The inability of IMT to induce significant changes in Vo 2max is probably unsurprising as central circulatory adaptations require sustained and direct cardiovascular stimulation, which is not achievable via the minimal challenge of IMT. 10, 11 In addition, typical incremental tests of Vo 2max are relatively brief, use standardized criteria to identify maximal performance (eg, BASES criteria), and only require high ventilatory rates as subjects approach the final stages of the test. 7 In contrast, endurance time-trial performances require sustained high velocities for much greater durations and as such probably place greater demand on inspiratory muscle capabilities than Vo 2max . 1 However, a well-defined physiological mechanism has yet to be identified that adequately explains IMT-induced performance adaptations. 9 Several putative mechanisms have been proposed to explain the effect of IMT on endurance performance 9 and these include a delay in respiratory muscle fatigue, 14,15 a redistribution of blood flow from respiratory to locomotor muscles, 9 and a decrease in the perceptions of respiratory and limb discomfort during exercise to fatigue. 7, 12, 16 Conversely, it has also been suggested that IMT might even compromise limb blood flow (increasing blood lactate) during maximal exercise as a result of an increased cost of breathing. 17 As yet, no consensus exists, but it is possible the performance adaptations can be explained through a contemporary reevaluation of fatigue 18 and particularly in relation to the common observation of reductions in dyspnea following IMT. For example, a recent study 1 showed that the addition of IMT to a program of cardiovascular training significantly augmented 5000-m running performance in comparison with a placebo condition (P < .05), and this effect coincided with reports of progressively reduced ratings of perceived exertion (RPE) during the training period.
IMT and Central Metabolic Control
Reductions in dyspnea, RPE, and limb discomfort have frequently been reported in response to training of the respiratory muscles. 1, 7, 12, 16 Nonetheless, these psycho-physiological factors have often been overlooked as candidates for a critical performance-determining factor, probably owing to a prevalence among researchers to seek a reductionist explanation. Common peripheral reductionism implies that performance is controlled by the limiting capacity of a physiological system, where either metabolite accumulation or substrate depletion cause the catastrophic (terminal) failure of a physiological system and thus fatigue. However, impaired exercise performance has often been observed in the absence of significant changes in peripheral biomarkers of fatigue (eg, in hot environmental conditions), 19 indicating that performance is probably regulated by a more complex process than previously considered. 18, 20, 21 The central governor (brain) complex control model of fatigue indicates that feed-forward (anticipatory) regulation interacts with various peripheral (eg, muscle, blood pH, skin temperature, respiratory sensations) feedback signals to regulate neuromuscular recruitment. 20 This model predicts that performance is continually regulated by the subconscious brain (via constant manipulations of motor unit recruitment) throughout an exercise bout to ensure that no one physiological system is ever maximally (catastrophically) taxed. 18, 21 Conscious sensations of fatigue are therefore experienced by the performer at such time as a behavioral change (ie, to down-regulate physical effort) is required to avoid a catastrophic system failure. 22 Muscle recruitment is known to be mediated by central nervous system control, 22 and it is therefore possible that reductions in respiratory effort could lead to greater locomotor muscle recruitment (through a lower and positive alteration in the perception of physical effort). These considerations are likely to have greater consequence for activities in which motivation is influential, such as timetrial or constant-power performance tests, rather than for relatively brief and standardized incremental tests of Vo 2max . 23 However, the importance of this observation probably depends on whether the researcher considers the inclusion of the brain to be an important feature in the development of fatigue. Within the central governor control system, reduced effort sensations from respiratory receptors to the brain 24 might be influential over performance, thus enabling the athlete to work at a greater intensity or for longer periods while regulatory control is positively manipulated.
Taking the perspective that a central (brain) governor regulates a integrated neural response to exercise performance, the most important question for the future study of IMT is probably not whether this intervention enables endurance performance to be improved, but rather under what circumstances and for how long.
Under What Circumstances Is IMT Useful?
The addition of IMT to cardiovascular training may invoke a desensitizing effect upon the sensory feedback mechanisms between the respiratory muscles and the brain. 20 Because changes within the respiratory muscles underlie interactions between the brain and working locomotor muscles, 22, 24 it is possible that this feedback mechanism may particularly influence the subconscious recruitment patterns of skeletal muscle during endurance performance tests, such as time trials, 22 leading to the performance improvements recently observed (Table 1) .
Inconsistencies in the early IMT data may have stifled the wider development of research, which would explain the relative paucity of randomized controlled trials in this topic. Currently, research models tend to focus on the use of IMT as an isolated stratagem for performance enhancement rather than simply a useful addition to the training process. However, post-IMT improvements in effort sensations during training may enable athletes to work at a higher intensity than previously and consequently augment the quality of training. 1 Improved quality and intensity of training generally leads to improved performances and IMT might aid this process via short-term alterations in the perception of respiratory effort.
Improvements in an athlete's perception of effort during exercise are based on numerous intrinsic factors, such as comparisons with feedback derived from previous efforts. However, as earlier recollections of pre-IMT efforts are replaced with post-IMT sensory feedback, it seems probable that sustainable performance adaptations would be unlikely. It is therefore unclear whether this type of regulatory respiratory feedback "deception" might result in a long-term effect or whether it might be a short-term response to a temporarily (and favorably) altered perception of physical capabilities. The presence of a regulatory central (brain) governor suggests that no single variable controls performance 18, [20] [21] [22] and it is consequently possible that these observations represent an adaptive period during which it is possible to achieve greater quality of endurance training. It is important therefore that appropriate endurance exercise programs are conducted during that time.
Conclusions
Positive endurance performance adaptations support the use of IMT as an additional training device to be used concurrently with cardiovascular training. The lack of change in Vo 2max appears contrary to expectations when viewed via a reductionism interpretation; however, the aim of endurance training is to improve endurance rather than Vo 2max , and the greater change in post-IMT endurance performance is logical when evaluated in terms of central metabolic control. Inspiratory muscle training may be one intervention that positively influences conscious sensations of fatigue as perceived through ventilatory factors. Further performance-specific studies are required to confirm the efficacy of IMT for endurance performance and, crucially, whether IMT-induced performance changes are sustainable.
